4
al. Zhang et al. 2007; Lister et al. 2008; Oh et al. 2008; Zhang et al. 2009 ), and gene expression data in response to developmental and environmental changes (Ha et al. 2007) , in histone deacetylase mutant and wild-type plants (Tian et al. 2005) , and in the allotetraploids and their progenitors, A. thaliana and A. arenosa ). We found associations of H3K9ac, H3K4me3, and H3K27me3 with constitutive gene expression, developmental gene regulation, and differential gene expression within diploid A. thaliana, and among A. thaliana, A. arenosa and their allotetraploids (Allo733 and Allo738).
RESULTS

General relationships among histone modifications
We compared histone modifications and DNA methylation with their biological functions in Arabidopsis thaliana using relevant data (Supplementary Table 1 ). H3 nucleosomes were evenly distributed across the genome, whereas H3K9ac and H3K4me3 were predominantly enriched in genic regions ( Supplementary Fig. S1 ), consistent with the report that H3K4 mono-, di-, and tri-methylation are highly enriched in gene-rich euchromatin ). The overall distribution of H3 and H3K4me3 in the ChIPseq maps was consistent with that in the ChIP-chip maps (Oh et al. 2008; Zhang et al. 2009 ), suggesting that ChIP-seq data are highly reproducible and increase the resolution to the nucleotide level (Supplementary Figs. S2, S6, and S7) .
Genetic and biochemical studies suggest that histone methylation controls DNA methylation (Tamaru and Selker 2001) , and histone acetylation affects histone methylation (Lawrence et al. 2004) . To study the relationships among various modifications, we analyzed H3K4me1, H3K4me2, H3K4me3, H3K9ac, H3K27me3 and DNA methylation patterns within 2-kb upstream and downstream of the transcription start site (TSS) using 100-bp sliding windows. ChIP-seq data of H3, H3K4me3 and H3K9ac (this study) and ChIP-chip data of H3K4me1, H3K4me2 ), H3K27me3 (Zhang et al. 2007 ; Oh et al. 2008 ) and DNA methylation (Zhang et al. 2006; Zilberman et al. 2007) were normalized for corresponding genes (~18,000) that were detected in gene expression microarrays (Ha et al. 2007; Ha et al. 2009 ). Here the "density" is used to infer the hybridization intensity of a locus in ChIP-microarray chip (ChIP-chip) data or the frequency of sequencing reads covering the locus normalized by mean coverage of total sequence reads in the whole genome in ChIP-seq data. Pearson's correlation coefficient (R) was used to estimate the relationship between histone modification and DNA methylation densities at all possible pair-wise loci from -2 to +2-kb around the TSS (Fig. 1a) . The correlation between H3K4me3 and H3K9ac at the same loci are highly significant (R = 0.54, P = 0, N = 1,023,640). In addition, positive correlations between H3K4me1 and H3, H3K4me2 and H3K9ac, or H3K4me2 and H3Kme3 at the same loci are observed.
Heterochromatic marks, such as DNA methylation and H3K27me3, did not show any significant correlation with euchromatic histone marks (Zhang et al. 2007; Zhang et al. 2009 ). Correlative relationships between euchromatic and heterochromatic marks may lead to enforcing and coordinated effects on transcriptional activity. In particular, H3K4me3 and H3K9ac were coordinately modified at the genome-wide level, as supported by biochemical studies on individual genes (Martin et al. 2006; Berger 2007) . In humans, H3K4me3 facilitates histone acetylation (Wang et al. 2009) ) and mouse stem cells (Bernstein et al. 2006; Mikkelsen et al. 2007) . Arabidopsis may have developed a similar mechanism of gene regulation through coordination of H3K4 and H3K9 modifications.
Effects of H3K4me3 and H3K9ac on gene expression variation in leaves
H3K9ac and H3K4me3 densities within a 4,000-bp region flanking the TSS in all genes were used to test their roles in gene expression. Using multiple linear regression analysis of histone H3 occupancy and modifications (H3K4me3 and H3K9ac) around the TSS, we found that depletion of H3 nucleosomes and enrichment of H3K4me3 and H3K9ac at 500-bp downstream of the TSS significantly correlated with gene expression levels ( Supplementary Fig. S3 ). The levels of H3K9ac, H3K4me3 and H3 sharply decreased within 100 bp upstream of the TSS, suggesting that nucleosomes are depleted near the TSS to facilitate binding of transcriptional machineries including RNA polymerase II and associated transcription factors (Hassan et al. 2001 ). H3K9ac and H3K4me3 levels from +1 to +500 position were significantly correlated with transcript abundance (Fig. 1b) , when the mean densities of H3K9ac, H3K4me3 and H3 were compared for 10 groups of genes with varied degree of expression levels in A. thaliana leaves (from the top 10% to the lowest 10%) using public microarray data (Supplementary Table 2 ). As the transcript levels increased, the H3K9ac and H3K4me3 densities increased, whereas H3 nucleosome occupancy levels decreased. This genome-wide observation is consistent with the notion that H3K9ac and H3K4me3 near the TSS destabilize interaction between histones and DNA, leading to nucleosome loss (Boeger et al. 2003; Reinke and Horz 2003) . To test if chromatin modifications are associated with gene expression changes during development, H3K9ac, H3K4me3 and H3 densities in the genes were compared with gene expression patterns in various developmental stages (Ha et al. 2007) (Supplementary Table 2 ). The variance of gene expression values obtained from 63 different developmental stages or organs was analyzed and divided into two groups showing the highest (10%) and the lowest (10%) expression variance, respectively. The high-variance genes displayed developmental and tissue-specific expression patterns, whereas the low-variance (var < 0.03) genes were constantly expressed across developmental stages. The low-variance genes with relatively constant expression levels were further divided into genes with constitutively high and low expression abundance, representing the top 10% and the lowest 10% expression levels in all tissues, respectively.
Roles of H3K4me3 and H3K9ac in gene expression variation during development
The densities of H3K9ac and H3K4me3 were higher in the low-variance genes with constitutive high expression levels across developmental stages than in the genes with top 10% high expression levels in the leaves (Fig. 2) . The low-variance genes with constantly low expression levels had barely detectable levels of H3K4me3 or H3K9ac but high levels of nucleosome occupancy. The high-variance genes showed moderate levels of nucleosome, H3K9ac and H3K4me3 densities. These data suggest that H3K9ac and H3K4me3 levels are associated with gene expression variation during development.
Chromatin modifications in gene expression groups
H3K27me3 and H3K4me3 are found in bivalent domains of the genes in mouse embryonic stem (ES) cells (Mikkelsen et al. 2007 ) and multipotent human hematopoietic stem cells ). Moreover, a recent study suggests a role of chromatin modifications in regulating circadian-mediated gene expression networks in Arabidopsis Cold Spring Harbor Laboratory Press on October 19, 2017 -Published by genome.cshlp.org Downloaded from hybrids and allopolyploids (Ni et al. 2009 ). These findings led us to test if the specific chromatin modifications or in combination play a role in gene expression changes in biological and cellular functions during plant development. We employed the Partitioning Around Medoids (PAM) algorithm of cluster analysis to minimize the sum of dissimilarities within a group but maximize dissimilarities among groups (Kaufman and Rousseeuw 1990) .
The unsupervised PAM algorithm was used to analyze histone modification patterns around the TSS of the selected genes (~18,000) in microarray datsets and cluster these genes into ten groups (G1-10) ( Fig. 3 and Supplementary Table 3). Each group was classified by a combination of distinctive histone modifications and their genomic locations. Consistent with the above data, H3 was void near the TSS of genes in most groups (Fig. 3a, c), due to binding of transcriptional machinery (Hassan et al. 2001) . H3K9ac distributions in G1 to G5 genes peaked within a specific distance (~500 bp) from the TSS, which corresponded to respective H3K4me3 peaks (Fig. 3a) . Distinct H3K4me1 and H3K4me2 patterns were also found for genes in G6/G8 and G7, respectively (Fig. 3a, c) . In contrast, H3K27me3 and DNA methylation patterns of G9 and G10 genes were scattered in broad regions with relatively low levels of H3K9ac and H3K4 methylation. These data suggest that correlative and anti-correlative relationships among histone modifications with distinct genomic locations.
Different histone modifications confer distinct gene expression patterns. H3K9ac and H3K4me3 are related to temporal and spatial regulation of gene expression, depending on the location of these modifications relative to the TSS. For example, among the highly expressed genes (G1 and G2), the H3K9ac and H3K4me3 levels peaked immediately downstream of the TSS (Fig. 3a, b) , suggesting that H3K9ac and H3K4me3 levels within the 500-bp region of TSS are associated with transcription activities. G1 genes with the highest levels of H3K9ac and H3K4me3 tended to have low expression variance and constantly high expression levels in various developmental stages (Fig. 3b) . G2 genes had a wider distribution of H3K9ac and H3K4me3 at the 5' end and showed an increased range of gene expression levels and variance, indicating differential expression in various developmental stages and in response to environmental changes. A wide range of H3K4me3 and H3K9ac distributions in developmentally regulated genes may suggest recruitment of histone acetyltransferases and methyltransferases through interaction among transcription factors, leading to developmental regulation of gene expression. Unlike G1 and G2 genes, G10 genes showed high levels of H3K27me3 and expression of these genes was low but highly variable, suggesting developmental repression, as observed in animal and human stem cells (Bernstein et al. 2006; Mikkelsen et al. 2007; Cui et al. 2009 ).
In addition to the high levels of H3K27me3, G9 genes displayed high levels of DNA methylation, suggesting that DNA methylation is associated with constitutive repression and low level of gene expression variation within this group (Fig. 3b ).
Distinctive patterns of histone modifications with respect to gene functions
The distinctive landscape of chromatin modifications is associated with functional groups based on Gene Ontology (GO) classifications (Berardini et al. 2004 ). Several chromatin modifications are significantly enriched in specific GO classes (Table 1 ). G1 genes with high levels of H3K9ac and H3K4me3 and constitutive expression belong to the GO classes of translation initiation, translation, and ribosome constituents, which are abundantly expressed during growth and development ( Supplementary Fig. S4 ).
Translation initiation factor 3 H1 (TIF3H1) and eukaryotic initiation factor 2 (the EIF2) gamma subunits are components of translation initiation complexes and show the characteristic chromatin modification profile of G1 ( Supplementary Fig. S4 ). G2 is dominated by genes involved in photosynthesis, chloroplast, and thylakoid membrane activities, which are most important biological processes specialized in leaves. These G3, G4, G5, G6, G7, G8 and G9 groups do not show a significant enrichment in specific GO classifications, probably because these groups contain the genes with both high and low abundance and moderate expression variances,. The results support the notion that distribution patterns of H3K9ac and H3K4me3 at 5' end of genes are associated with gene expression for essential biological processes. Therefore, explicit arrangements of modified histones are coordinated with tissue-specific expression changes that are required for specialized functions or morphologies.
Association of histone deacetylase activity with gene expression variation
The association of H3K9ac and H3K4me3 with developmental gene expression led us to test if histone acetylation and deacetylation affect transcriptional regulation in response to developmental changes and environmental cues (Chen and Tian 2007) . In A. thaliana, AtHD1 (or AtHDA19) encodes an important histone deacetylase that is expressed throughout development (Tian and Chen 2001) . In AtHD1 T-DNA insertion mutant (athd1-t1), 2,714 and 2,010 genes were differentially expressed in leaves and flowers, respectively.
The up-regulated genes in athd1-t1 display significantly high expression variance across developmental stages, suggesting a dynamic gene expression change during development (Wilcox Rank Sum test, P < 10 -8 ), and this change is significantly associated with the genes whose expression is altered in the histone deacetylase mutant in leaves (blue line) and flowers (pink line) (R = 0.22, P < 10 -22 ) ( Fig. 2 and Fig. 4a ). In addition, the differentially expressed genes in the athd1-t1 mutant were significantly correlated with the genes that have high levels of expression variation in response to various abiotic stresses in 63 microarray datasets (Ha et al. 2007 ) (R = 0.21, P < 10 -22 ) (Fig. 4b) . Furthermore, the majority of genes that show 1-2-fold changes in expression had higher levels of H3K9ac than all other genes ( Supplementary Fig. 8 ). The genes with a higher than 2-fold expression changes in the AtHD1 mutant had lower levels of H3K9ac than all other genes. These data suggest that AtHD1 is associated with gene expression changes at specific developmental stages or in response to environmental stimuli, but other factors mat affect gene expression variation during development.
Gene expression changes between A. thaliana and A. arenosa and in their allotetraploids are associated with genetic and epigenetic mechanisms (Chen 2007) . The gene expression diversity between species and in allotetraploids was compared with the genes whose expression is affected in the athd1 mutant. The differentially expressed genes in athd1 were significantly correlated with the genes that displayed expression changes between species and in the allotetraploids (Fig. 4c) . Genes up-regulated in athd1 are more differentially expressed between species and nonadditively expressed (from the mid-parent values) in the allotetraploids. Among them, 40% of the genes that displayed more than 2-fold up-regulation in athd1 were also differentially expressed between A. thaliana and A. 
Histone modification patterns confer expression differentiation between species
Are chromatin modifications around the TSS responsible for expression divergence between A. thaliana and A. arenosa and in their allotetraploids? We found that distinct chromatin modification groups were associated with expression divergence between A. thaliana and A. arenosa and had the same trend as the expression variability observed at different developmental stages in A. thaliana (Fig. 4d) . G1 genes had the low tendency of expression divergence between species and in allotetraploids. However, they were constitutively expressed at high levels across developmental stages. G2 genes had dense and broad distribution of H3K9ac and H3K4me3 at the 5' end of the genes and also showed the highest tendency of expression divergence between the two species and in the allotetraploids, which is consistent with upregulation of photosynthetic and starch metabolic activities and growth vigor in the allotetraploids and hybrids (Ni et al. 2009 ). The results suggest that the locations and overall levels of these histone modifications near the TSS are associated gene expression variation within and between Arabidopsis species.
DISCUSSION
In this study, we generated ChIP-seq data of H3, H3K4me3 and H3K9Ac in leaves of A. thaliana and compared the ChIP-seq data with ChIP-chip data of H3K4me1, H3K4me2 and H3K27me3 (Zhang et al. 2007; Oh et al. 2008; Zhang et al. 2009 ) and DNA methylation (Zilberman et al. 2007 ). The data from other sources are derived from aerial parts and seedlings. We comprehensively analyzed these data from these slightly different tissues and technologies including ChIP-seq and ChIP-chip. In spite of the heterogeneity of data sources, the correlative and exclusive relationships among histone modifications and DNA methylations are highly significant and reproducible ( Supplementary Figs. 6 and 7) . Using the data generated in leaves and aerial tissues would potentially increase the level of variation. If the datasets from the same tissue or in the same condition were used, the amount of variation across-platforms and developmental stages would be reduced. It is expected that the trend of coordinated distributions among chromatin modifications in the same tissues would be even higher.
This does not preclude that some specific modifications of some (e.g., tissue-specific) genes may be different among different datasets. The increased level of variation may also affect weak correlative data such as bivalent domains (H3K4me3 and H3K27me3). (Zilberman et al. 2008) , and both histone variants H3.3 and H2A.Z occupy nucleosome free regions (Jin et al. 2009 ). As in animals, H3K27me3 in Arabidopsis is a repressive mark for developmentally regulated genes (Bernstein et al. 2006; Barski et al. 2007; Hammoud et al. 2009 ). The correlation between H3K27me3 and gene repression in A. thaliana was not obvious in a previous study (Zhang et al. 2007 ), probably because chromatin density plots and gene expression groups were not comparatively analyzed. Unlike in animal cells, H3K4me3 is not associated with H3K27me3 in A. thaliana ( Supplementary Fig. S5 (Verdeil et al. 2007 ). The interchangeability between totipotency and cell differentiation in plants remains an interesting subject. As the genes that carry broad distributions of H3K9ac and H3K4me3 at coding region, the genes whose expression is affected by histone deacetylation mutation are associated with expression differentiation after species divergence and genome merger. This suggests that activities of histone modifying enzymes exemplified by AtHD1 maintain many expression differences between closely related Arabidopsis species by regulating histone modifications.
Also, nonadditive expression of orthologous genes in the new allotetraploid species is associated with active histone marks. It is likely that different chromatin modifications are associated with expression variation of orthologous genes between A. thaliana and A.
arenosa, leading to changes in gene expression and differences in growth and development. These species-specific histone modifications are remodeled in the new allopolyploids species, resulting in nonadditive gene expression (Chen 2007) .
The above conclusion drawn from genome-wide analysis of chromatin modifications and gene expression is supported by experimental data. As examples, early flowering is inhibited by a high level of FLC expression in A. thaliana (Michaels and Amasino 1999) .
FLC is expressed at higher levels in late flowering A. arenosa than in early flowering A. thaliana, and the expression levels are directly correlated with histone marks such as H3K9ac and H3K4me2 (Wang et al. 2006 highly expressed and associated with high levels of H3K9ac and H3K4me2, whereas its homologous A. arenosa FLC allele is repressed with relatively low levels of H3K9ac and H3K4me2. In another study, active but not repressive histone marks are associated with the altered expression levels of circadian clock genes, including CCA1, LHY, and TOC1, in Arabidopsis hybrids and allotetraploids (Ni et al. 2009 ). In addition, reducing DNA methylation in the met1-RNAi lines of the natural allotetraploid A. suecica reactivates transposons but does not affect expression variation of protein-coding genes ). These data suggest that histone acetylation and deacetylation coupled with histone methylation play an important role in gene expression variation between closely related species and in allopolyploids. A. thaliana HDT1 (a plant-specific histone deacetylase) is required for H3K9 deacetylation and subsequent H3K9 methylation. Mutation of HDT1 leads to reactivation of silenced rRNA genes that are subjected to nucleolar dominance (Lawrence et al. 2004) . In yeasts, genes with high expression variability are also affected by histone acetyltransferase mutations (Steinfeld et al. 2007; Choi and Kim 2008) . In human cells, both histone acetyltransferases and deacetylases are recruited to actively transcribed genes (Wang et al. 2009 ). Therefore, control of histone acetylation distribution by histone acetyltransferases and deacetylases is an important regulatory mechanism for gene regulation in most eukaryotes (Berger 2007; Li et al. 2007 ) and probably for expression of homoeologous genes in allopolyploids.
Methods
Plant materials. Arabidopsis thaliana, Arabidopsis arenosa, and allotetraploid plants were grown in vermiculite mixed with 30% soil in a growth chamber with growth conditions of 22°/18°C (day/night) and 16 hr of illumination per day. Rosette leaves prior to bolting were collected at noon for the analysis of chromatin modifications in this study and for gene expression analysis in the previous work (Tian et al. 2005; Ha et al. 2009 ).
ChIP and template preparation for Solexa sequencing analysis. Chromatin immunoprecipitation (ChIP) was performed using mature leaves (~3 g) of A. thaliana (Col) following the published protocols (Saleh et al. 2008) http://www.natureprotocols.com/2009/01/08/chromatin_immunoprecipitation_2.php. For immunoprecipitation, 2, 4 and 3.6 μg of antibodies against H3-core (Ab1791; Abcam, Cambridge, MA), H3K4me3 (Ab8580) and H3K9ac (Ab10812), respectively, were added to a 600 μl solution containing diluted chromatin extracts and incubated overnight at 4 o C with gentle rotation. Immunoprecipitated chromatin-DNA (IP-DNA) and 50 μl input chromatin-DNA (without IP) were subjected to reverse crosslink and purified for sequencing libraries preparation. ChIP-seq libraries were constructed according to protocols described in Illumina ChIP sequencing kit (Illumina Inc., San Diego, CA). DNA fragments with a range of 250-300-bp were excised and amplified for subsequent cluster generation and massively parallel sequencing.
Sequence read mapping and identification of nucleosomes in A. thaliana genome.
The sequence reads (40-60-bp) were aligned to the A. thaliana genome (version TAIR9) allowing no mismatch or gap. To exclude any ambiguous signal, sequence reads aligned perfectly to only one region of the genome were used for estimating densities of nucleosomes and histone modifications. We analyzed 7,441,484, 5,219,184, and 7,425 ,084 sequence reads from H3, H3K4me3 and H3K9ac ChIP-seq, respectively. Out of the total reads, 4,481,737, 1,260,434, 3,047,219 reads were mapped to the A. thaliana genome. The density or frequency of sequencing reads covering the locus was normalized by mean coverage of total sequence reads in the whole genome. The peaks of read starting points at two opposing strands normally displayed average ~150-bp intervals, equivalent to the DNA length in a nucleosome, which was used as the mean DNA fragment length. The nucleosome density of 1-bp resolution was estimated by the number of extended reads covering each nucleotide within a ~150-bp region. The correlation coefficient of nucleosome densities in two DNA strands was used to test consistency. In three experiments, the correlation coefficients between H3, H3K4me3 and H3K9ac densities were greater than 0.99, suggesting similar distributions of modified nucleosomes in both strands. Thus, nucleosome reads of both strands were summed up to generate nucleosome maps with 1-bp resolution. The number of reads covering each base was normalized by dividing the average read number per base for the whole genome. The ChIP-seq data were deposited in GEO (accession no. GSE22276).
Genome-wide chromatin modification data from ChIP-chip. The normalized ChIP-chip data of H3K4 mono-, di-and tri-methylation were obtained from Oh et al. (Oh et al. 2008) and Zhang et al. (Zhang et al. 2009 ). Using the log ratio of the average H3K4 methylation over H3, the individual single-channel results of H3K4 methylation and H3 (Oh et al. 2008) were linearly scaled to produce the same mean and the same variance. The TileMap Statistic ranging from 0 to 1 within 25-nt probes with a 35-nt interval was used to normalize H3K4 ChIP-chip data (Oh et al. 2008; Zhang et al. 2009 ). The data of H3K27me3 methylation and DNA methylation were obtained from ChIP-chip (Zhang et al. 2006; Zilberman et al. 2007 ) and ChIP-seq (Cokus et al. 2008; Lister et al. 2008 ) assays, respectively. The ChIP-seq results of H3 and H3K4me3 reported in this paper were validated and comparatively analyzed using the ChIP-chip datasets. To estimate position-specific mean densities of histone modifications, we calculated mean values of standardized sequence read frequencies in each base or a 100-bp window around transcription start sites.
Clustering analysis of chromatin modifications around genes. Histone modification densities around the transcription start sites were generated using a 100-bp window in the matrix form. For each chromatin modification, the intensities were standardized into z-score so that the total mean is 0 and the standard deviation is 1 across all windows. The correlation coefficient of 1 was chosen as the dissimilarity matrix for PAM clustering with 10,000 iterations and k = 10 (Kaufman and Rousseeuw 1990) . In PAM, once the dissimilarity matrix among genes is calculated, a representative set of medoids was determined, and the data were aggregated around the medoids.
Gene expression changes in A. thaliana histone deacetylase (AtHD1) mutants. The raw microarray data of gene expression changes were obtained from leaves and flowers of A. thaliana ecotype Ws (AtHD1/AtHD1, +/+) vs. athd1-t1/athd1-t1 (-/-) plants, respectively (Tian et al. 2005) . Two large dye-swap experiments were performed using four biological replications and 8 slide hybridizations. ANOVA was used for replicated microarray data. To test the gene expression difference between WT and athd1/athd1, t-tests were employed for individual genes (per-gene variance). The type I error rate of multiple testing was controlled to be below 0.05 employing the false discovery rate (FDR) approach described by Benjamini and Hotchberg (Benjamini and Hochberg 1995) . The microarray data were deposited in GEO (accession no. GSE22276). Table 2 ). The relative gene expression values at each condition were estimated using GC-RMA method , which considers GC content and position-specific base effects from the probe sequences. The gcrma package implemented in R was used. The normalized expression levels were used for calculating expression variance (Ha et al. 2007 ). The arenosa (GSME341923), (2) Allo733 and mid-parent value (MPV, an artificial mixture of RNA from two parents) (GSME342087), (3) Allo738 and MPV (13) (GSME342029), and (4) A. suecica and MPV (GSME334287) ). Fig. 3 b Gene ontology annotation based on biological process (P), molecular function (F) and cellular compartment (C) c Pearson's Chi-squared test P-value for the significance of gene enrichment within the chromatin group compared to all genes in the corresponding GO category; degree of freedom (d.f.) = 1. Dark gray, black, and light gray plots represent genes showed the top 10% expression levels, the lowest 10% expression levels, and the top 10% highest expression variance across 63 developmental stages, respectively. Blue and pink plots represent genes that were up-regulated in athd1-t1 leaves and flowers, respectively. The occupancy density of each chromatin modification was standardized to yield a distribution with mean = 0 and variance = 1 using ChIP-seq (H3, H3K9ac and H3K4me3) and ChIP-chip (H3K4me1, H3K4me2, H3K27me3 and MeC) data. All genes were aligned around the TSS and sorted by groups after clustering analysis based on their chromatin modification densities in a 100-bp window using PAM (k = 10). b. The kernel density (gene density from 0 to 0.4) of the genes in each group (G1 to G10) was plotted using gene expression levels in leaves (y-axis) versus gene expression variance in 63 developmental stages (x-axis). c. Gene expression variation was associated with chromatin modifications. Ten groups (G1 to G10) of genes with distinct chromatin modification patterns were plotted within a 4-kb region flanking the TSS or the TTS. 
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